Pyrolysis is an environmental friendly alternative method compared with incineration, and the least time-consuming and smallest infrastructure footprint method compared with bio-chemical and thermo-chemical conversion. Baseline data for the pyrolysis of food waste was obtained in a kinetic study of the thermal decompositions by thermogravimetric analysis. To simulate the difference in the types of food waste, the study was done using model compounds, such as cereals, meat, vegetable, and mixed food waste; the pyrolysis commenced at 150 • C for most food waste and the process terminated at 450 • C to 500 • C. Between one and three peaks were observed on a differential thermogravimetry (DTG) graph, depending on the type of waste being pyrolyzed, reflecting the difference in the time required for pyrolysis of different components of food waste to take place. Depending on the composition of each food, one or four peaks were found, and the pyrolysis patterns of carbohydrate, protein, fat, and cellulose were found. Activation energies and frequency factors were calculated from the rates of conversion, using differential equation analyses. The activation energy increased from 10 kJ/mol to 50 kJ/mol as conversions increased from the 10% to 90%, regardless of the food waste type. The activation energy was measured as 50 kJ/mol, with a slight variation among the type of the food waste. Due to the activation energy being low, food waste consists of carbohydrates and other substances rather than cellulose, hemicellulose, and lignin.
Introduction
Food waste refers to the waste produced by the agricultural, fishery, and livestock industries, during production, transportation, processing, and cooking. Worldwide, about 1.3 billion tons of food are lost annually during harvesting, storage, and transportation, or disposed of as waste, and richer countries tend to discard more food than they eat. In developed countries, about 100 kg of food waste per person is discarded annually [1, 2] .
In Korea, food waste, which is discarded indiscriminately due to the increase of wasteful factors, such as rich table settings, Korean stock culture, increase in population, improvement of living conditions, and the high quality of food, has been recognized as a new environmental problem [3] [4] [5] .
Food waste is mainly composed of organic materials. Many disposal methods for organic wastes have been developed, including composting, conversion into feeds, anaerobic digestion, combustion, incineration, and landfilling. However, all of methods result in environmental pollution. For example, landfill requires many treatment sites and generates leachate. Composting can cause secondary contamination by heavy metals or organic matter. Heat treatments cause air pollution and generate ash [6, 7] . Recently, various methods have been studied for food waste utilization. Sakuragi et al. investigated the bio-oil yield from coffee grounds and soybean by liquefied dimethyl ether [8] , and Energies 2017, 10, 1191 3 of 13 
Fruits and Vegetables
Consumption of fruits and vegetables in Korea is steadily declining, but consumption of the five most consumed vegetables (cabbage, radish, garlic, red pepper, and onion) was 123.5 kg per person in 2015, and consumption of the six most consumed fruits (apples, pears, tangerines, persimmons, grapes, and peaches) was 43.7 kg [27] . In this study, Chinese cabbage was chosen as the representative vegetable.
Mixed Food
The composition of food waste used was prepared according to the ratio of food waste in Korea, Table 1 [28] . 
Characterization Analysis of Model Compounds
The percentage moisture of the food wastes samples was determined by weighing 100 g of the sample into a pan which its weight was known before using it. The sample was then dried at the temperature of 100 • C and according to ASTM (American Society for Testing and Materials) D3173 standards. The percentage moisture content was calculated according to the Equation (1):
The samples prepared to find the moisture content of the wastes above was also used to determine the volatile matter content. This was done by igniting the sample at 950 • C. The samples were weighed and placed in a furnace for about 6 min at a temperature of 950 • C according to ASTM D3175. After combustion, the samples were weighed to determine the ash dry weight. At this stage the volatile matters were calculated according to the Equation (2):
Ash content of the wastes is the non-combustible residue left after the waste is burnt. Fixed carbon is the residue or char remaining after evolves of volatile matters. The sample was dried at a temperature of 700 • C. In this, fixed carbon was determined by removing the mass of volatiles from the original mass of the sample according to the Equation ( Elemental content of food wastes were measured by elemental analysis (2400 Series II CHNS/O, PerkinElmer, Boston, MA, USA), and the higher heating value (HHV) was measured by a calorimeter (6400 Automatic Isoperibol Calorimeter, Parr, Moline, IL, USA).
Thermogravimetic Analysis
The pyrolysis of the food waste was undertaken in a thermogravimetric analyzer (TGA, Q50, TA Instrument, New Castle, DE, USA), under a nitrogen atmosphere. Before each run, nitrogen was introduced into the thermogravimetric analyzer to ensure an inert atmosphere, and its flow rate was kept at 100 mL/min. Then, about 10 mg dried food waste samples were heated from 30 to 800 • C at the heating rates of 5 • C/min, 10 • C/min, 15 • C/min, and 20 • C/min. All samples were used dry to obtain reliable data for TGA analyses.
Pyrolysis Activation Energy Calculation
TGA devices continuously measure mass change as a function of temperature, and are widely used in reaction rate studies when analysis of reaction products is difficult. Although many methods of kinetic models, such as Friedman, Kissinger-Akahira-Sunose method, Coasta Redfern, and Flyn-Ozawa, were used, this study chose the Friedman method as the most commonly used model the for non-isothermal TGA analysis method. The Friedman method can rule out the potential of an activation energy value error based on the assumptions of the reaction model, and can obtain kinetic variables from the TGA result of the multi-heating rate. From the shape of the curve obtained from thermogravimetric analysis, activation energy, order of reaction, and the specific reaction rate can be calculated [11, 12] .
The conversion of the pyrolysis (Conversion, X) is based on the increase in the temperature in TGA and is defined in Equation (4):
where W 0 , W, and W ∞ are the weight of the sample used in the experiment; the weight of the pyrolyzed sample at a certain temperature; and the weight of the sample after termination of the reaction in thermogravimetric analysis, respectively. In the pyrolysis reaction, the conversion rate dX/dt is expressed by the following Equation (5):
The reaction rate constant k can be represented as Equation (6) by the Arrhenius equation, showing the temperature dependence:
The temperature independent conversion function f (X), can be expressed as Equations (5) and (7):
Equations (6) and (7) are substituted into Equation (2) and can be expressed as Equation (8):
Using logarithms, (8) can be expressed as Equation (9):
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From here, A represents the frequency factor (min −1 ); n represents the reaction order; E represents the activation energy (kJ/mol); T represents the temperature (K); t represents the time (min); and X represents the conversion rate.
The activation energy (E) can be obtained at a fixed conversion rate using the relationship between ln(dX/dt) and 1/T from Equation (9) . The intercept value of Equation (9) can be expressed as Equation (10), and it is possible to obtain the frequency factor by fixing the order of reaction at a fixed conversion rate using this equation:
Result and Discussion
Thermogravimetric analysis has been widely used to evaluate the thermal stability of polymeric materials for decades. Depending on the shape of the TG curve, activation energies, Arrhenius frequency factors, reaction sequences, and kinetic pyrolysis parameters can be calculated.
In this study, we attempted to calculate the independent parallel first-order reaction model for each food waste in mixed food waste by Korean experiment standards.
Characterization of Model Compounds
The physical and chemical properties of the food wastes used in the experiment are shown in Table 2 . Most of the mass of the food waste is moisture, but when this is removed by drying, 65~80% of the waste is composed of organic material and 8.7~16.9% of fixed carbon is contained. This means that it can be utilized for the conversion into solid fuel and energy recycling through pyrolysis treatment. Figure 1 shows the TGA curves of cereal, meat, vegetables, and mixed food with heating rate 5 • C/min. Each sample is represented by different patterns of decomposition. The TG and DTG curves of rice are plotted in Figure 2 with heating rates of 5 • C/min, 10 • C/min, 15 • C/min, and 20 • C/min, respectively. Pyrolysis started at about 250 • C; the bulk of the pyrolysis process took place at 308, 325, 345, and 366 • C with an increasing heating rate, and the main reaction was terminated at about 400 • C. One peak appears in the DTG, which is caused by the decomposition of the carbohydrate, which forms more than 90% of the original material. Spanish biomass fuels (pellets, olive stone, almond shell and pine shavings), and the result indicating the high level of T peak and DTG peak because the resource contains cellulose component mostly. In addition, there was a relatively low value of the Low stability organic components analysis performed by Heikkinen et al., and the T1 peak value of the analyzed food waste ranged from 307 to 378 °C, confirming that it is similar to the literature. The value of the DTG peak was the highest in Cereal consist of a single substance (mostly carbohydrate), and the rest of the samples showed the same value as the Almond shell or the RDF pellet [29, 30] . In the case of meat, pyrolysis began at about 200 • C; the bulk of the pyrolysis occurred at 311, 336, 362, and 376 • C with a variation of the heating rate from 5 • C to 20 • C, respectively, and once again at 375, 399, 427, and 446 • C as represented in Figure 3 . Most of the reaction had concluded by 500 • C. Two peaks appear in the DTG curve presumably because meat consists of protein (about 65%) and fat (about 35%); the two peaks reflect the different pyrolysis rates of these two components. In the case of vegetables (Figure 4) , pyrolysis started at a relatively low temperature (about 160 • C) compared to other materials. The most active pyrolysis occurred at 320 • C to 360 • C, after which it diminished. DTG curves show several peaks, in contrast to those for the other items tested, perhaps due to the differences in pyrolysis rate of the different fibers in vegetables, such as hemicellulose (about 300 • C), cellulose (320-380 • C), and lignin (200-500 • C) [17] . peaks appear in the DTG curve, reflecting the fact that vegetable pyrolysis takes place at a lower temperature than pyrolysis of cereal and meat. The DTG graph was shown in Figure 6 according to the food waste characteristics. Although each material is represented by different peaks, most peaks contained a carbohydrate peak, which means the main composition of food waste is carbohydrate. Additionally, the activation energy shows a lower value than other papers, because food waste consists of carbohydrates and other substances rather than cellulose, hemicellulose, and lignin. Table 3 shows the compared result of T peak and DTG peak between the analysis of food waste from the experiment and the analysis of organic material from the literature. Granada et al. analyzed Spanish biomass fuels (pellets, olive stone, almond shell and pine shavings), and the result indicating the high level of T peak and DTG peak because the resource contains cellulose component mostly. In addition, there was a relatively low value of the Low stability organic components analysis performed by Heikkinen et al., and the T1 peak value of the analyzed food waste ranged from 307 to 378 • C, confirming that it is similar to the literature. The value of the DTG peak was the highest in Cereal consist of a single substance (mostly carbohydrate), and the rest of the samples showed the same value as the Almond shell or the RDF pellet [29, 30] . 
Thermal Decomposition Characteristics

Kinetics
In this study, the Friedman method was used to determine the activation energy (E) and the frequency factor (A) in the pyrolysis of food wastes. Figure 7 shows how the activation energy can be calculated from the conversion rate ln(dX/dt) and 1/T in Equation (6) .
When the conversion rate was 20% for pyrolysis of meat, the values of 1/T at the heating rates of 5, 10, 15 and 20 • C/min were 2.9001 × 10 −3 , 2.6503 × 10 −3 , 2.5195 × 10 −3 and 2.4441 × 10 −3 . The change of conversion rate {ln(dX/dt)} was −11.85, −11.1837, −10.5795, and −10.2504, respectively.
ln(dX/dt) was plotted against 1/T, Figure 5 . When the conversion was 20%, the activation energy calculated from the slope in Figure 7 was 28.99 kJ/mol. The intercept value corresponds to ln[A · X n ] in Equation (9) and was 1.7993 using the Equation (10), the frequency factor was obtained by fixing the order of the reaction at a fixed conversion rate. The order of reaction can be assumed to be 0, 1, or 2, and the frequency factor can be calculated up to the conversion rate of 80%. Figure 8 shows the activation energy distribution when the conversion in the pyrolysis reaction of foods was 10-80%, using the method previously described. Pyrolysis is an endothermic reaction, the activation energy of which increases with increasing conversion of foods. This relationship is due to the pyrolysis of the polymeric compound from the main chain in the region where the binding energy is relatively weak at the initial stage of the pyrolysis reaction followed by gradual pyrolysis of the main chain with time for pyrolysis of the biomass. The activation energy of the compound showed a greater variability than a single substance. It is interpreted as a result of synergy between different substances [31, 32] . However, as the conversion rate increased to over 60%, the activation energy increased to 50 kJ/mol. Generally, the activation energy range of biomass is 30-200 kJ/mol and in case of laminarin, which is the main component of carbohydrate, has 53 kJ/mol by using the Friedman method. The DTG graph was shown in Figure 6 according to the food waste characteristics. Although each material is represented by different peaks, most materials contained a carbohydrate peak. This means the main composition of food waste is carbohydrate. Additionally, the activation energy shows a lower value than other papers, because food waste consists of carbohydrates and other substances rather than cellulose, hemicellulose, and lignin [33, 34] . The frequency factor (A) was calculated using Equation (7), assuming that the order of the reaction in each section changes from zero, to first, to second, as the conversion rate changes (see Table 4 ). The Energies 2017, 10, 1191 11 of 13 thermogravimetric curve (Figure 2) shows that the frequency factor is a function of temperature and the conversion rate increases with increasing temperature. For the pyrolysis of meats, the frequency factor increased from 10 −4 to 10 3 in the 0th, 1st, and 2nd order. The frequency factor can be calculated from Equation (7), and the intercept value of this equation is the frequency factor. A high frequency value indicates a greater sensitivity of the reaction to temperature change. in case of laminarin, which is the main component of carbohydrate, has 53 kJ/mol by using the Friedman method. The DTG graph was shown in Figure 6 according to the food waste characteristics. Although each material is represented by different peaks, most materials contained a carbohydrate peak. This means the main composition of food waste is carbohydrate. Additionally, the activation energy shows a lower value than other papers, because food waste consists of carbohydrates and other substances rather than cellulose, hemicellulose, and lignin [33, 34] .
The frequency factor (A) was calculated using Equation (7), assuming that the order of the reaction in each section changes from zero, to first, to second, as the conversion rate changes (see Table 4 ). The thermogravimetric curve (Figure 2) shows that the frequency factor is a function of temperature and the conversion rate increases with increasing temperature. For the pyrolysis of meats, the frequency factor increased from 10 −4 to 10 3 in the 0th, 1st, and 2nd order. The frequency factor can be calculated from Equation (7), and the intercept value of this equation is the frequency factor. A high frequency value indicates a greater sensitivity of the reaction to temperature change. 
Conclusions
Food waste was categorized into cereals, meats, vegetables, and mixed foods, and representative samples of each were dried, pulverized, and pyrolyzed.
Upon drying, food waste is predominantly organic material. Pyrolysis initiation and termination temperatures were measured using a TGA and found to be 250 • C and 400 • C for the cereal sample; 200 • C and 500 • C for the meat; 160 • C and 450 • C for vegetables; and 150 • C and 450 • C for the mixed foods.
Between one and three peaks were found in the DTG graph, depending on the type of food being pyrolyzed. This is due to the constituents of each sample pyrolyzing at different rates. There was no change in the slope of the thermogravimetric curve in the region of vigorous pyrolysis reaction. The activation energy distribution of each sample was calculated at the conversion rate of 10-80%, during the pyrolysis process. The activation energy was increased from 10 kJ/mol to 50 kJ/mol, and the activation energy of about 50 kJ/mol, with very slight differences at different conversion rates and the type of food.
The result from this experiment could be used to find out the effective management of food waste pyrolysis research in the future.
